INTRODUCTION
Rheumatoid arthritis (RA) is characterized by the production of autoantibodies, including anti-citrullinated protein antibodies (ACPAs) and rheumatoid factor, which are estimated to be present in 50-80% of patients [1, 2] . ACPAs, which are included in the 2010 American College of Rheumatology (ACR)/European League Against Rheumatism (EULAR) diagnostic criteria [3] , can be present in serum before the onset of disease [4] [5] [6] . ACPAs are highly specific serological biomarkers that are indicative of a poor prognosis [7] , including rapid disease progression, higher disease activity, more severe joint damage, and greater disability [8, 9] . ACPA positivity in patients with RA, compared with ACPA negativity, has been associated with worse clinical outcomes [7, 10] , including higher rates of mortality [11] .
There are some data that suggest biologic disease-modifying antirheumatic drugs (bDMARDs) with different mechanisms of action may be effective in various populations based on patient serostatus [12] [13] [14] , and that bDMARD therapy itself may also impact seropositivity over time [15, 16] . Therefore, ACPA status may be an important factor to consider as part of the treatment plan for patients with RA.
According to current EULAR treatment guidelines, the aim of RA treatment is to achieve sustained remission or low disease activity [7] . If there is no improvement in symptoms 3 months after the start of treatment, or treatment targets have not been reached within 6 months, therapy should be adjusted [7] .
Conventional synthetic DMARDs (csDMARDs), such as methotrexate (MTX), should be considered as part of the first treatment strategy [7] . In patients who do not respond to treatment, the EULAR guidelines recommend either switching to or adding another csDMARD, or adding either a bDMARD or targeted synthetic DMARD (tsDMARD) [7] . Typically, the first choice of bDMARD used has been a tumor necrosis factor inhibitor (TNFi). Although these agents have proven effective, between 30 and 40% of patients develop an inadequate response, either due to a lack of primary response or the development of drug resistance or intolerance [17] [18] [19] [20] [21] . Current guidelines do not include any recommendations as to which bDMARD should be used after first-line treatment fails; instead, a treat-to-target approach is recommended by both EULAR and the ACR guidelines [7, 22] .
Specific serological biomarkers that are indicative of a poor prognosis would be useful as part of a personalized treatment approach. One such biomarker, anti-cyclic citrullinated peptide antibody (anti-CCP, an ACPA surrogate), may be able to identify which patients will respond better to different treatments [23] . Previous data from the Corrona RA registry showed that anti-CCP status was associated with a better response to abatacept but not TNFis; however, this was not a head-to-head comparison and baseline characteristics, including age, disease duration, and treatment history, differed considerably between groups [13] .
To the best of our knowledge, there are few comparative effectiveness studies evaluating responses to biologics in anti-CCP positive (anti-CCP?) patients. In this study, we used propensity score matching to compare the effectiveness of abatacept versus a TNFi (stratified by prior TNFi use: 0, 1 or C 2) in a large cohort of anti-CCP? patients with RA in the US.
METHODS

Data Source
The Corrona RA registry is an independent, prospective, national, observational cohort. ClinicalTrials.gov identifier: NCT01625650) study, which was a substudy of the Corrona RA registry that mandated regular data collection at 3-month intervals, with uniform collection of anti-CCP status for all patients initiating biologic treatment [24] . The Corrona CERTAIN substudy included a subset of patients with RA who were C 18 years of age, had initiated biologic therapy, had moderate or high disease activity [e.g., Clinical Disease Activity Index (CDAI) score [ 10] at enrolment, and were either biologic-naïve or TNFi-experienced. Patients were recruited from 43 sites in the US, with 117 rheumatologists participating. Enrolment was from November 2010 to May 2015 and included 1 year of follow-up with regular visits at 3-month intervals. A total of 2795 patients completed enrolment.
This study was carried out in accordance with the Declaration of Helsinki. All participating investigators were required to obtain full board approval for conducting noninterventional research involving human subjects with a limited dataset. Sponsor approval and continuing review was obtained through a central Institutional Review Board (IRB), the New England Independent Review Board (NEIRB; no. 120160610). For academic investigative sites that did not receive a waiver to use the central IRB, full board approval was obtained from the respective governing IRBs and documentation of approval was submitted to Corrona, LLC prior to the initiation of any study procedures. All patients in the registry were required to provide written informed consent and authorization prior to participating.
Study Population
This analysis included patients with RA who initiated abatacept or a TNFi (adalimumab, certolizumab pegol, etanercept, golimumab, or infliximab) in the Corrona RA registry or the CERTAIN comparative effectiveness substudy between 1 December 2005 and 31 August 2016 (Fig. 1) . Eligible patients were aged C 18 years, had a follow-up visit approximately 6 months after initiation of abatacept or TNFi treatment (visit window: 3-9 months using visit closest to 6 months if there were [ 1 visit), had CDAI score measured at or prior to initiation of treatment and within the appropriate timeframe prior to the visit (for initiations between visits, CDAI score measured within 4 months prior to initiation was used) and had anti-CCP? status at or prior to initiation of treatment. Follow-up CDAI score was measured at the 6-month visit or at the time of switch if patients switched medications prior to the 6-month visit. In addition, patients were included if they had no prior exposure to other non-TNFi biologics or tsDMARDs and if they were not in remission (CDAI B 2.8) at the time of initiation. TNFi initiators with prior use of abatacept were excluded.
Measures and Data Collection
Data were collected during the study period from physician assessment and patient questionnaires completed during the clinical encounters. These forms were used to gather information on disease severity and activity [including serologic markers (anti-CCP) and components of ACR response criteria]; comorbidities; use of medications including steroids, csDMARDs, tsDMARDs and bDMARDs; and adverse events. As a strictly observational registry that reflects typical clinical practice, the Corrona registry does not mandate that laboratory data, including serologic markers and acute-phase reactants, be collected. In the CERTAIN substudy, laboratory data were a requirement, with a centralized laboratory performing all assays. Data elements collected in both the overall Corrona RA registry and the CERTAIN substudy included CDAI (swollen joint count in 28 joints, tender joint count in 28 joints, Physician Global Assessment and Patient Global Assessment), modified ACR 20, 50, and 70% response (mACR20, mACR50, and mACR70) criteria (mACR is based on two out of four measures; it does not include erythrocyte sedimentation rate or C-reactive protein), the modified Health Assessment Questionnaire (mHAQ) assessing physical function and fivedimension EuroQol questionnaire (EQ-5D).
Data on demographics, insurance status, comorbid conditions, RA disease characteristics, and RA medication were available for [ 98% of patients.
Drug Exposure Cohorts
To balance for predisposing factors that may increase a patient's likelihood of receiving either abatacept or TNFis, a propensity scoreor the probability of treatment selection-was calculated for each eligible patient using baseline (at the time of drug initiation) patient demographics and disease characteristics [25] . Propensity score-matched treatment groups were created for abatacept and TNFis. Patients within each treatment group were matched 1:1 without replacement by prior TNF exposures of Activity Index, RA rheumatoid arthritis, TNFi tumor necrosis factor inhibitor, tsDMARD targeted synthetic disease-modifying antirheumatic drug 0, 1, and C 2 using the caliper method maximizing the number of patients including in the analysis. Separate propensity score models were fit, by prior biologic use stratum, to enable different covariates that were imbalanced within the stratum to be included (online supplementary table S1). Effectiveness at 6 months after treatment initiation was evaluated in both treatment groups.
Study Outcomes
The primary outcome was mean change in CDAI score over 6 months following initiation. Secondary outcomes at 6 months included achievement of remission (CDAI B 2.8), low disease activity or remission (CDAI B 10) in those with moderate or high disease activity at initiation, mACR20, mACR50, and mACR70 responses, and change from baseline in mHAQ score. Switching status among anti-CCP? initiators of abatacept versus TNFis after propensity score matching was also assessed. Subgroup analyses were conducted by biologic-naïve and TNFi-experienced status at initiation.
Statistical Analysis
A formal statistical analysis plan was developed prior to conducting the study. Anti-CCP positivity was defined as anti-CCP C 20 U/ml. Baseline demographics and characteristics were compared between the treatment cohorts, and standardized differences were estimated. Standardized differences provide a measure of the imbalance in treatment groups with regards to the variable of interest, even if there are no statistically significant differences. The absolute value of the standardized difference of B 0.1 for the overall population [25] and B 0.2 within stratum (biologic naïve and TNFi experienced) was taken to indicate a negligible difference in the mean or prevalence of a covariate between treatment groups [25] . p values were calculated using t tests for normally distributed continuous variables and Chi-square tests for categorical variables. Propensity score models were fitted for each prior biologic category (0, 1, and C 2) and patients were matched 1:1 within each stratum; the results of the matching using standardized differences are presented.
RESULTS
Disposition and Clinical Characteristics of Anti-CCP1 Patients
A total of 525 abatacept initiators and 1595 TNFi initiators met the inclusion criteria (Fig. 1) . The baseline characteristics prior to propensity score matching (online supplementary table S2) showed that the two treatment groups differed (absolute value of the standardized differences [ 0.1) in terms of age, duration of RA, prior number of csDMARDs, prior biologic use, current MTX use, and current prednisone use. After propensity score matching, the overall population included 330 pairs of abatacept and TNFi initiators and, of these, 97 were biologic naïve and 233 were TNFi experienced (one prior TNFi, n = 164; C 2 prior TNFis, n = 69).
After propensity score matching, the baseline characteristics between abatacept initiators and TNFi initiators were well balanced with absolute value standardized differences of B 0.1 in the overall population and of B 0.2 in the biologic-naïve and TNFi-experienced cohorts ( Table 1 ). The exception to this was erosive disease in the overall population, which was present in a higher proportion of TNFi initiators than abatacept initiators. In the overall population, most patients were female and in their late 50s, with approximately a decade of disease duration. Approximately 30% of patients had been enrolled in the CERTAIN substudy.
Primary Efficacy Outcome
In the overall population, there was no significant difference in mean change in CDAI score at 6 months between abatacept initiators and TNFi initiators (abatacept initiators, -9.85 [95% confidence interval (95% CI) -11.40 to -8.30]; TNFi initiators, -8.53 [95% CI -10.09 to -6.98]; p = 0.24; Fig. 2) . Similar results were shown for biologic-naïve patients (abatacept 
Secondary Efficacy Outcomes
In both the overall population and the biologicnaïve and TNFi-experienced cohorts, mHAQ score improvement (Fig. 3) and binary outcomes (low disease activity, remission, mACR20 and mACR70; Fig. 4 ) at 6 months were similar between treatments. Among TNFi-experienced patients, abatacept initiators were more likely to achieve a mACR50 response than TNFi initiators [1.79 (95% CI 1.12-2.86); p = 0.014]. Switching status was similar between the abatacept and TNFi initiators in the overall population and in the biologic-naïve cohort (p = 0.059 and p = 0.87, respectively; online supplementary table S3). However, TNFi-experienced abatacept initiators were more likely to remain on treatment at 6 months than TNFi initiators (85.0 vs. 73.8%; p = 0.010).
DISCUSSION
Using data from Corrona, a large US-based RA registry, we compared the clinical effectiveness of abatacept versus TNFis among anti-CCP? patients with moderate or high disease activity. To minimize selection bias, propensity scorematched cohorts of patients were stratified by prior TNFi use and compared. The results showed that patients with RA from real-world rheumatology practices who were anti-CCP? and received either abatacept or a TNFi had a substantial improvement in clinical disease activity with no significant differences in outcomes between treatments in either the overall population or the biologic-naïve subgroup. TNFi-experienced, anti-CCP? patients who initiated abatacept had a significantly greater change in CDAI score than those who initiated a TNFi. Switching status was similar between the abatacept and TNFi initiators in both the overall population and the biologic-naïve cohort; however, TNFi-experienced abatacept Fig. 2 Mean change from baseline in CDAI score over 6 months following initiation of treatment in propensity score-matched patients. The erosive disease variable was not included in the propensity score model as this variable was considered as a covariate of interest in Table 1 after the analysis was completed and, although the standardized difference for this variable was slightly higher than the 0.1 threshold, the two cohorts were generally similar. *The p value was reported from the test of the mean difference between the anti-CCP? abatacept initiators and anti-CCP? TNFi initiators according to the primary outcome. Anti-CCP? anti-cyclic citrullinated peptide antibody positive, CDAI Clinical Disease Activity Index, CI confidence interval, TNFi tumor necrosis factor inhibitor Fig. 3 Mean change from baseline in mHAQ score over 6 months following initiation of treatment in propensity score-matched patients. *The p value was reported from the test of the mean difference between the anti-CCP? abatacept initiators and anti-CCP? TNFi initiators according to the primary outcome. Anti-CCP? anti-cyclic citrullinated peptide antibody positive, mHAQ modified Health Assessment Questionnaire, TNFi tumor necrosis factor inhibitor Fig. 4 Comparison of binary outcomes at 6 months between abatacept initiators and TNFi initiators in propensity score-matched patients. *The p value was reported for the difference in response rates between the anti-CCP? abatacept initiators and anti-CCP? TNFi initiators according to the primary outcome. CDAI B 10 among those with moderate or high disease activity. à CDAI B 2.8 among those with low disease activity or more severe disease activity.
§ mACR is based on two out of four measures (it does not use erythrocyte sedimentation rate or C-reactive protein). Anti-CCP? anti-cyclic citrullinated peptide antibody positive, CDAI Clinical Disease Activity Index, CI confidence interval, mACR20/50/70 modified American College of Rheumatology 20%/50%/ 70% response criteria, OR odds ratio, TNFi tumor necrosis factor inhibitor initiators were more likely to remain on treatment than TNFi initiators.
Data from clinical trials and real-world studies have consistently shown that abatacept response is related to antibody seropositivity in both MTX-naïve and MTX-experienced populations. Findings from the Abatacept versus Adalimumab Comparison in Biologic-Naïve RA Subjects with Background Methotrexate (AMPLE; NCT00929864) and Assessing Very Early Rheumatoid Arthritis Treatment (AVERT; NCT011472726) clinical trials have shown that abatacept in combination with MTX had a better clinical response in patients who exhibited a higher titers or seropositivity for multiple autoantibodies [14, 26, 27] . A post hoc analysis of AMPLE [14] also showed that, compared with baseline anti-CCP negativity, baseline anti-CCP positivity was associated with a better response for abatacept, an effect that was more pronounced in the higher anti-CCP? quartiles [14] . In addition, a post hoc analysis of the Abatacept Trial to Gauge Remission and Joint Damage Progression in Methotrexate-Naïve Patients with Early Erosive RA (AGREE; NCT00122382) showed that abatacept in combination with MTX led to a decrease in autoantibody titers in patients with early RA who were positive for rheumatoid factor and/or ACPA antibodies and had evidence of erosion, resulting in some patients undergoing seroconversion to rheumatoid factor and ACPA seronegative status [14, 15] . Conversion to ACPA seronegative status was associated with better clinical outcomes.
In addition to clinical trial data, real-world studies have similarly shown antibody seropositivity to be associated with abatacept response [13, 28] . Data from the real-world Long-Term Experience with Abatacept in Routine Clinical Practice (ACTION; NCT02109666) study showed that, in biologic-naïve patients with RA, rheumatoid factor-positive and/or anti-CCP? status was associated with greater efficacy and retention of intravenous abatacept than seronegative status [29] . Furthermore, a recent meta-analysis, including 19 studies, showed that the presence of anti-CCP positivity was associated with better EULAR responses in patients receiving abatacept treatment but not in patients treated with a TNFi [30] . Although the different efficacy endpoints in these trials may lead to differences in findings, taken together with the present analysis, these clinical trial data and real-world analyses support the use of abatacept in patients who are anti-CCP?, both for biologic-naïve patients and those who have previously failed TNFi therapy.
Experienced clinicians may not be surprised that there were no significant differences in the outcomes between treatments in biologic-naive patients. However, in patients who are anti-CCP? who had already received one prior TNFi, our results suggest that abatacept was associated with better outcomes. These data provide value to physicians as they engage in conversations with anti-CCP? patients regarding the pros and cons of second-line treatments and enable individualized treatment decisions.
Our study has several strengths. We utilized a large US-based registry of patients with RA with physician-validated outcome measures to examine the comparative effectiveness of initiating either abatacept or a TNFi in anti-CCP? patients. The results from this real-world study in US patients support the clinical trial data [14, 26, 27] . Prior studies have suggested that patients in Corrona are representative of patients found in clinical practice in the US [31] . Finally, we were able to use advanced epidemiological methods (e.g., propensity score matching) to compare the responses to the different agents where selection bias may have existed.
This study also had some limitations. There is always concern that patients enrolled in registries may not reflect the type of patients observed elsewhere in general practice; however, this is a general limitation of all real-world observational studies. Also, as in any observational study, bias is a concern because physicians prescribe therapies based on the patient's profile, and treatment selection is not random. To overcome this limitation, the overall population and the two cohorts based on TNFi experience were analyzed, and propensity scores were matched between treatments, stratified by prior use of TNFi therapy. Finally, the Corrona RA Registry is a real-world patient population cared for by rheumatologists across the US; thus, there is no centralized laboratory evaluating serological status. This potential variability in serological testing was minimized in our study by categorizing patients according to anti-CCP status (i.e., positive vs. negative) rather than analyzing by anti-CCP titers. In addition, all patients derived from the CERTAIN substudy (n = 2795) had centralized measurement of CCP status.
CONCLUSIONS
In summary, the results of this US-based observational study indicate that patients with RA who were anti-CCP? and received either abatacept or a TNFi had a substantial improvement in clinical disease activity after 6 months of treatment. In the overall propensity score-matched sample, similar outcomes were observed for both treatment groups. When considering the use of prior biologics, this propensity scorematched analysis demonstrated similar outcomes between the treatments in biologic-naïve patients; however, there was a greater reduction in disease activity among TNFi-experienced patients initiating abatacept versus those initiating a TNFi. The results from these analyses may be helpful to providers as they discuss treatment options for patients who are anti-CCP?. An increased awareness of individual patient characteristics, such as biomarkers, brings us closer to a personalized medicine approach.
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